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The 1 AÊ resolution X-ray crystal structures of Mg2� and Ca2� salts of the
B-DNA decamers CCAACGTTGG and CCAGCGCTGG reveal sequence-
speci®c binding of Mg2� and Ca2� to the major and minor grooves of
DNA, as well as non-speci®c binding to backbone phosphate oxygen
atoms. Minor groove binding involves H-bond interactions between
cross-strand DNA base atoms of adjacent base-pairs and the cations'
water ligands. In the major groove the cations' water ligands can interact
through H-bonds with O and N atoms from either one base or adjacent
bases, and in addition the softer Ca2� can form polar covalent bonds
bridging adjacent N7 and O6 atoms at GG bases. For reasons outlined
earlier, localized monovalent cations are neither expected nor found.

Ultra-high atomic resolution gives an unprecedented view of hydration
in both grooves of DNA, permits an analysis of individual anisotropic
displacement parameters, and reveals up to 22 divalent cations per DNA
duplex. Each DNA helix is quite anisotropic, and alternate conformations,
with motion in the direction of opening and closing the minor groove,
are observed for the sugar-phosphate backbone. Taking into consider-
ation the variability of experimental parameters and crystal packing
environments among these four helices, and 24 other Mg2� and Ca2�

bound B-DNA structures, we conclude that sequence-speci®c and strand-
speci®c binding of Mg2� and Ca2� to the major groove causes DNA
bending by base-roll compression towards the major groove, while
sequence-speci®c binding of Mg2� and Ca2� in the minor groove has a
negligible effect on helix curvature. The minor groove opens and closes
to accommodate Mg2� and Ca2� without the necessity for signi®cant
bending of the overall helix.

The program Shelxdna was written to facilitate re®nement and analysis
of X-ray crystal structures by Shelxl-97 and to plot and analyze one or
more Curves and Freehelix output ®les.
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Introduction

The in¯uence of monovalent and divalent cat-
ions on the conformation and structure of duplex
DNA has been studied widely by X-ray crystallo-
graphy, NMR, gel electrophoresis, and molecular
dynamics simulation (MDS). Monovalent Na� and
K� and divalent Mg2� and Ca2� are the most abun-
dant cations within cells, with basal concentrations
of approximately 30 mM Na�, 100 mM K�, and
40 mM [Mg2� � Ca2�] (Boynton et al., 1982;
Collins, 1997). In comparison, the molar concen-
tration of pure water is �55 M.
# 2000 Academic Press
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Monovalent cations do not recognize much vari-
ation along the surface of a regular DNA duplex.
The only discriminating features are differences in
molecular electrostatic potential (MEP) and hydro-
gen bond environment between major and minor
grooves. Monovalent cations themselves tend to be
less solvated than divalent cations. For example,
the modi®ed Born equation for metal hydration
(Draper & Misra, 1998), �G � ÿ164 Z2/(r � 0.7),
where Z and r are the cation charge and radius,
gives a free energy of hydration that is ®ve times
more favorable for Mg2� than for Na�. Hence
monovalent cations tend to interact with DNA
electrostatically and non-speci®cally, without using
hydrogen bonds from coordinated water ligands.
Their interactions with B-DNA are ``loose and
delocalized'' in the terminology of Braunlin (1995),
and exhibit preferential but fractional binding to
the minor groove of A-tracts as demonstrated by
NMR quadrupole relaxation (Denisov & Halle,
2000), X-ray crystallography (Tereshko et al.,
1999a,b), and MDS (Young et al., 1997; Feig &
Pettitt, 1999). This weak and changeable mono-
valent cation binding therefore is unlikely to affect
the average conformation of duplex DNA under
physiological conditions (Yuan et al., 1992; Young
et al., 1995, 1997; Young & Beveridge, 1998;
Zacharias et al., 1982).

In marked contrast, divalent cations are widely
known to affect the structure of duplex DNA.
Mg2�, Ca2�, Zn2�, Co2�, Ba2�, Mn2�, and Cd2� can
induce B-to-Z transition of poly(d(G-C)) sequences
(Zaccharias et al., 1982; van de Sande et al., 1982;
Narasimhan & Bryan, 1984; Behe & Felsenfeld,
1981) and Co3� can induce B-to-A transitions
(Narasimhan & Bryan, 1984). At physiological con-
centrations the binding of divalent cations to DNA
is both cation-dependent and sequence-dependent.
From a sequence standpoint, speci®city is contribu-
ted by both the local molecular electrostatic poten-
tial and the hydrogen bond environment. These H-
bond interactions re¯ect the greater hydration
properties of divalent cations over monovalent.
The af®nity of each divalent cation for DNA is a
function of its particular degree of softness,
hydration free energy and hydration geometry. For
example, the soft transition metals Mn2� and Co2�

have much higher af®nity for the soft guanine N7
than do Mg2� and Ca2� (Zaccharias et al., 1982;
van de Sande et al., 1982). Similarly, Mg2� chelated
to a bulky chlorophyll-a molecule can only interact
with the DNA backbone phosphate oxygen
(�60 %) and atoms of the wide major groove
(�20 % to guanine N7, probably through a coordi-
nated water molecule) (Neault & Tajmir-Riahi,
1999).

Because of their greater af®nity and sequence
speci®city, the binding of divalent cations to DNA
can result in DNA bending. Among the earliest
evidence of this is the decrease of electrophoretic
mobility of kinetoplast DNA fragments in the pre-
sence of Mg2� (Diekmann & Wang, 1985). How-
ever, despite their observed sequence-dependent
binding and bending of duplex DNA, the structur-
al roles of divalent cations, especially Mg2� and
Ca2�, have so far remained relatively unappre-
ciated. Current attempts to establish sequence-to-
structure relationships based on analysis of the
available crystallographic data or energetic analysis
of base stacking interactions (El Hassan &
Calladine, 1995; Young et al., 1995; Hunter & Lu,
1997; Dickerson, 1998) have not considered struc-
tural contributions from bound cations.

At most, it has been recognized that Mg2� and
Ca2� can in¯uence the packing of duplex DNA in
crystals. The CI decamer (Lipanov et al., 1993) and
CGCGAATTCGCG dodecamer (Liu et al., 1998;
Minasov et al., 1999) each crystallize in different
space groups when grown with Ca2� versus Mg2�,
whereas the AT decamer crystallizes in the same
space group regardless of cation type (Table 1).
With CICa, Ca2� is localized in the minor groove
at AA and TT steps, while in CIMg, Mg2� is loca-
lized in the major groove between bases C9 and
G10. With VTCa, a Ca2� again is localized in the
minor groove at GA and CG steps (Minasov et al.,
1999) while in VTMg, a Mg2� is localized in the
major groove between base-pairs G2 and C3
(Tereshko et al., 1999a). Unfortunately, it is dif®cult
to assess the contributions of base sequence or cat-
ion type in the CI and VT sequences because of
inherent differences in crystal packing between
Mg2� and Ca2� forms. Indeed, most cations in
VTMg and VTCa bind to the sugar-phosphate
backbone, supporting their roles in intermolecular
crystal packing. In both ATMg and ATCa, one cat-
ion is observed in the minor groove between base-
pairs T4-A17 and A5-T16. But it is possible that
binding at other sites was not detected because of
the relatively low resolution of these structures.

We have previously observed a cation-depen-
dent deformation of DNA in the crystal structure
of the crosslinked dodecamer CGCGAATTCGCG
in which the N6 atoms of bases A6 and A18 are
linked by a -CH2-CH2-S-S-CH2-CH2- tether (Chiu
et al., 1999). The tether is long enough, and the con-
nected adenine bases near enough, that no defor-
mation of the helix results from crosslinking.
Although the sequence is palindromic and end-for-
end crystal packing environments are similar (see
Figures 9 and 10 of Chiu et al., 1999), binding of a
Mg2� complex in the major groove between base-
pairs 2-3, but not between base-pairs 10-11, leads
to asymmetric kinking of the helix near base-pairs
3-5 in the direction of the major groove. This same
asymmetric kinking was observed in the ®rst B-
DNA crystal structure, an un-crosslinked helix
with the same sequence, but at the time was attrib-
uted wrongly to a bound spermine cation (Drew &
Dickerson 1981).

To explore further the role of divalent cation
binding on DNA bending, we have determined the
crystal structures of the Mg2� and Ca2� salts of
decamers CCAACGTTGG (the CG decamer) and
CCAGCGCTGG (the AG decamer) at a resolution
of 0.99 AÊ . These have been assigned PDB accession
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numbers 1en3, 1en8, 1en9, and 1ene, respectively,
or NDB accession numbers bd0033, bd0034,
bd0035 and bd0036. All four are isomorphous,
with identical crystal packing environments.

Because crystallization and data collection par-
ameters among these four structures also are quite
similar, any differences in cation binding and DNA
structure can only be attributed either to base
sequence or to cation type. To obtain a consensus
picture of divalent cation binding to B-DNA in
general, we also have compared with them the
experimental parameters, cation binding prefer-
ence, and bending behavior of 24 other crystalline
B-DNA oligmers (Table 1). This database of 28
crystal structures spanning ten different crystal
packing environments will be used to obtain a
model for sequence-speci®c binding and groove-
speci®c bending of B-DNA by divalent cations.

Results

Atomic resolution reveals multiple discrete
conformations for DNA and cations

All four of the 0.99 AÊ structures, CGCa, CGMg,
AGCa and AGMg, are isomorphous with the orig-
inal 1.4 AÊ monoclinic C2 structure of sequence
CCAACGTTGG (bdj019; PriveÂ et al., 1991). That
earlier structure was obtained with one-third as
many re¯ections, which were modeled anisotropi-
cally with six tensor parameters. The much higher
resolution and quality of the current data sets
(Table 2A) allow the accurate modeling of discrete
alternate conformations, individual ADPs for all
heavy atoms, and hydrogen atoms riding at ideal
positions, with ®nal data-to-parameter ratios of
around 6:1 (Table 2B). Luzzati analysis shows that
these structures are roughly 2.5 times more accu-
rate than bdj019 (coordinate errors of 0.06 versus
0.15 AÊ ). The asymmetric unit for all seven
sequences listed at the top of Table 1 consists of
one half of the decamer duplex: either one of the
two strands, or alternatively the ®rst ®ve base-
pairs in from one end of the helix. The latter choice
will be used in this paper; symmetry-equivalent
cation and solvent atoms in the second half of the
helix will be primed (0). As is customary, bases are
numbered 1-10 in the ®rst strand and 11-20 in the
other. The crystallographic asymmetric unit, base-
pairs C1 �G5 through C16 �G20, contains ten DNA
bases with ca. 202 atoms, 93 to 126 solvent atoms
(including alternative conformations), and four to
six hydrated complexes of divalent cations. For
reasons outlined by Chiu et al. (1999), localized
monovalent cations are neither expected nor
found.

The divalent cation complexes in these four
structures, CGMg, CGCa, AGMg and AGCa, are
shown in Tables 3 and 4 and stereo Figure 1, and
are labeled by serial numbers 111 to 116. Com-
plexes with the same number in different struc-
tures occupy corresponding if not identical
positions. Water oxygen atoms around a given
metal complex are denoted OW1 through OW6
(OW7 in the case of Ca) in an arbitrary manner,
but once again similarly numbered atoms in differ-
ent helices occupy analogous positions. Interatomic
distances between the metals and their water
ligands, and DNA oxygen and nitrogen atoms are
listed in Table 3, and metal-ligand bond distances
and thermal vibration parameters or B-values in
Table 4.

Divalent cations cement helices together

The CGMg helix in its crystallographic environ-
ment is depicted in Figure 2, and the other three
helices are very similar. Helices are stacked atop
one another to simulate in®nite columns, and col-
umns are packed side-by-side. As was mentioned
in connection with bdj019 (Prive et al., 1991), the
stacked helices are continuous; the step from the
last base-pair of one decamer to the ®rst base-pair
of the next along a given column is in no sense
different from other base-pairs in the helix aside
from the absence of connecting phosphates.

It is apparent from Figure 2 that lateral packing
of helix columns would be impossible without
charge neutralization of the phosphate backbone
by cations. CGMg, CGCa, AGMg and AGCa have
6, 8, 12 and 14 cations per decamer duplex bound
to the phosphate backbone, corresponding to frac-
tional phosphate charge neutralization of 0.33,
0.44, 0.67 and 0.78, respectively. The ca. 20 % great-
er charge neutralization by Ca2� than by Mg2� in
both sequences is undoubtedly real, since crystal
packing, solution cation concentrations and data-
collection protocols within each sequence are
identical (see Discussion). In contrast, the roughly
twofold increase in charge neutralization from CG
to AG is most likely an experimental artifact, since
both the cation concentration in the crystallizing
solution and the measured I/s signal in the X-ray
data were greater for AG than for CG.

This increased af®nity of Ca2� over Mg2� has
been observed previously in solution studies
(Eichhorn & Shin, 1968; Langlais et al., 1990;
Korolev et al., 1999). It was not observed in three
previous Mg2�/Ca2� crystal structure comparisons
because of inequalities of data resolution between
pairs of structures (Yuan et al., 1992; Lipanov et al.,
1993; Minasov et al., 1999). The absence of back-
bone binding for the Yuan et al. pair was most
likely an artifact of low data resolution. The data
were better for Lipanov and Minasov, but the res-
olution again was suf®ciently different between
Mg2� and Ca2� forms to bias their results (see Dis-
cussion). Moreover, differences in crystal packing
between non-isomorphous Mg2� and Ca2� forms
could presumably in¯uence the binding of cations
to the backbone. The remaining 10-53 % of the cat-
ions required for complete charge neutralization in
the CG and AG decamers (maximum of �88 % for
divalent cations; Li et al., 1998) are disordered and
presumably mobile in the interstitial medium. In
solution, since these interactions with the DNA are



Table 1. B-DNA structures with bound divalent cations

NDB Name Sequence Cation M/P Vm

Volume
(AÊ 3) GC

M1
(a.u.)

M2
(m)

M3
(M)

M4
(sp)

M5
(all)

M23
(gr)

M4b
(po)

M5b
(bp)

Res
(AÊ ) DC Sp.Grp. Reference

bd0033 CGMg CCAACGTTGG Mg2� 2.0 2.08 25138 60 4 4 4 6 12 0.80 0.33 1.20 0.99 SC C2 This work
bd0034 CGCa CCAACGTTGG Ca2� 2.0 2.02 24762 60 4 4 2 8 13 0.60 0.44 1.30 0.99 SC C2 This work
bd0035 AGMg CCAGCGCTGG Mg2� 10.5 2.06 24864 80 6 4 6 12 22 1.00 0.67 2.20 0.99 SC C2 This work
bd0036 AGCa CCAGCGCTGG Ca2� 20.0 2.06 24834 80 4 4 4 14 18 0.80 0.78 1.80 0.99 SC C2 This work
bdj019 CCAACGTTGG Mg2� 12.8 2.15 25978 60 4 4 4 4 10 0.80 0.22 1.00 1.40 K5 � C2 PriveÂ et al. (1991)
bdj008 CCAAGATTGG Mg2� 13.0 2.10 25556 50 3 2 2 6 10 0.40 0.33 1.00 1.30 K5 � C2 PriveÂ et al. (1987)
bdjb44 CICa CCAACITTGG Ca2� 2.3 2.13 25568 60 4 2 0 2 14 0.20 0.11 1.40 1.30 K-25 � C2 Lipanov et al. (1993)
bdl042 CGTAGATCTACG Mg2� 2.7 2.00 58077 17 1 0 0 1 1 0.00 0.05 0.08 2.25 K15 � C2 Leonard et al. (1993)
bdj060 CTCTCGAGAG Ca2� 4.1 2.05 49493 40 6 3 2 9 15 0.60 0.41 1.50 1.70 KC C2 Goodsell et al. (1995)
bdjb43 CIMg CCAACITTGG Mg2� 2.3 2.51 90628 60 1 0 1 1 2 0.10 0.06 0.20 2.20 K-25 � P3221 Lipanov et al. (1993)
bdjb48 CGATCGAMTCG Mg2� 22.8 2.61 94845 60 2 0 2 1 3 0.20 0.06 0.30 2.00 K0 � P3221 Baikalov et al. (1993)
bdj052 CCAAGCTTGG Ca2� 19.1 2.31 83741 60 2 2 0 4 6 0.20 0.22 0.60 1.90 K5 � P6 Grzeskowiak et al. (1993)
bd0018 GCGAATTCGCG Ca2� 0.5-1.8 2.14 128941 33 6 1 0 10 11 0.17 0.45 1.10 1.30 SC H3 Minasov et al. (1999)
bd0019 VTCa GGCGAATTCGCG Ca2� 0.5-1.8 2.30 152007 33 4 2 0 6 8 0.33 0.27 0.80 1.70 SC R3 Minasov et al. (1999)
bd0007 VTMg CGCGAATFTCGCG Mg2� 1.9 2.19 63989 33 5 0 1 12 13 0.17 0.55 1.08 1.10 SC P212121 Tereshko et al. (1999a)
bd0012 CGCGAATFTCGCG/Rb Mg2� 1.0 2.25 65677 33 3 0 1 3 7 0.17 0.14 0.58 1.20 SC P212121 Tereshko et al. (1999b)
bdl084 CGCGAATTCGCG/Spm Mg2� 0.5 2.29 66488 33 1 0 1 1 2 0.17 0.05 0.17 1.40 KC P212121 Shiu et al. (1998a)
bd0008 CGCGAARSTTCGCG Mg2� 4.5 2.13 64597 33 3 0 1 6 6 0.17 0.27 0.50 1.43 KC P212121 Chiu et al. (1999)
bd0013 CGCGAATFTCGCG/Rb Mg2� 0.2 2.24 65492 33 2 0 1 4 5 0.17 0.18 0.42 1.50 KC P212121 Tereshko et al. (1999b)
bd0005 CGCGAATTCGCG/Spm Mg2� 0.9 2.31 67127 33 1 0 1 1 2 0.17 0.05 0.17 1.50 MC P212121 Shiu et al. (1998b)
bdlb84 CGCGAATFTFCGCG Mg2� 0.5 2.22 65142 33 1 0 1 1 2 0.17 0.05 0.17 1.55 KC P212121 Berger et al. (1998)
bdlb85 CGCGAATFTCGCG Mg2� 0.5 2.25 65725 33 1 0 1 1 2 0.17 0.05 0.17 1.55 KC P212121 Berger et al. (1998)
bdls80 CGCGAATCOTCOCGCG Mg2� 0.7 2.26 66618 33 1 0 1 1 2 0.17 0.05 0.17 2.14 K? P212121 Portmann et al. (1997)
bdj036 ATCa CGATATATCG Ca2� 23.6 2.17 52373 40 1 1 0 1 2 0.10 0.06 0.20 1.70 K0 � P212121 Yuan et al. (1992)
bdj037 ATMg CGATATATCG Mg2� 2.5 2.13 51489 40 1 1 0 1 2 0.10 0.06 0.20 2.00 K0 � P212121 Yuan et al. (1992)
bdj025 CGATCGATCG Mg2� 22.8 2.13 51375 60 2 1 1 1 3 0.10 0.06 0.30 1.50 K0 � P212121 Grzeskowiak et al. (1991)
bdj031 CGATTAATCG Mg2� 22.9 2.07 49911 40 1 1 0 1 2 0.10 0.06 0.20 1.50 K0 � P212121 Quintana et al. (1992)
bd0006 GGCCAATTGG Mg2� 5.8 2.04 50020 50 2 2 0 5 6 0.50 0.28 0.63 1.15 SC P212121 Vlieghe et al. (1999)

NDB, Nucleic Acid Data Base identi®cation number. Name, Short reference name for frequently-mentioned helices. Sequence, Base sequence with bold face in regions where minor groove is
obstructed by crystal packing. M, methyl; F, ¯uoro; RS, disul®de crosslink; CO � carbonyl. M/P, Number of cations in crystallization buffer per phosphate group of helices. Vm, Matthews num-
ber, or volume per Dalton in the crystal. Volume, Volume of unit cell in AÊ 3. GC, Percent GC among base-pairs having an unobstructed minor groove. M1 (a.u.), Cations per asymmetric unit. M2
(m), Minor groove cations per helix duplex. M3 (M), Major groove cations per duplex. M4 (sp), Cations interacting with sugar/phosphate backbone per duplex. M5 (all), Total cations per duplex.
(M5 is smaller than M2 �M3 �M4 if a given cation interacts with both a groove and the helix backbone.) M23 (gr), Cations interacting with either groove, per base-pair having unobstructed
grooves. M4b (po), Cations interacting with phosphate backbone, per phosphate group. M5b (bp), Total cations per base-pair. Res, Resolution of the X-ray data in AÊ . DC, Data collection method:
S, synchrotron; K, copper target; M, molybdenum target; C, cryogenic (100 K); ÿ5 AÊ , temperature in degrees Celsius. Sp.Gp., Crystallographic space group. Horizontal lines separate sets of iso-
morphous structures.
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non-covalent, non-speci®c, short-lived (<1 ns), and
equivalent (i.e. no phosphate oxygen atom is neu-
tralized more than any other), they are unlikely to
induce DNA bending. In contrast, permanent
covalent attachment of positive partial charges to
the phosphate oxygen atoms does indeed result in
bending in the direction of the charge (Strauss-
Soukup et al., 1997).

As shown in Figure 1, most of the interactions
with the DNA backbone involve H-bonds between
the cations' water ligands and atoms O1P and
O2P. In some cases a hydrated cation bridges the
O1P and O2P atoms of the same phosphate group,
employing one or two of its water ligands. In other
cases, multiple interactions with adjacent residues
are observed. Mg2� and Ca2� also can interact ioni-
cally with the DNA backbone: one or more of their
water ligands are replaced by an O1P and/or O2P
atom(s) from at least one DNA helix. These ionic
interactions were observed for Ca2� in CGCa,
VTCa, bdj060 and bdj052, and for Mg2� in bdj008,
bdjb48, VTMg and bd0008.

Divalent cation binding is sequence-specific

As mentioned in the Introduction, solution stu-
dies have long established that divalent cation
binding to DNA is sequence-speci®c. As shown in
Figure 1 and Table 3, divalent cations do not
simply bind passively to the sugar-phosphate
backbone. Because of their much greater hydration
properties (by comparison with monovalent cat-
ions), they can utilize their bound water molecules
to sense ®ne differences in hydrogen-bond environ-
ment in the grooves of DNA. We tested this
sequence-discriminating property speci®cally by
changing base 4 from A to G. The speci®c inter-
actions will be discussed below but the overall
differences in cation binding are summarized in
Figure 3. In Figure 3, only cation interactions with
DNA base atoms are given; non-speci®c inter-
actions with the sugar-phosphate backbone are
omitted.

As will be discussed in the Discussion, we note
that interpretations of cation binding speci®city in
different crystal structures determined under
different experimental conditions must be taken
with caution, as the number of cations actually
observed in the structure can be in¯uenced by
crystal packing, cation concentration in the crystal-
lization droplet, data quality, and data resolution.
This experimental bias is minimal in the four struc-
tures reported here because of the similarity of
experimental conditions. Hence, under identical
crystal packing environments, cation binding sites
changed when the base sequence was changed.

For the major groove metal complex 114, Mg2�

but not Ca2� binds bases G16-T17 in CG and both
cations bind bases A3-G4 in AG. In CG, no cations
are observed for the A3-A4 base step because the
two contiguous N6 amino groups create a positive
MEP, which repels the positively charged cations.
This is also the case in the isomorphous CICa and
bdj008, which were solved by different investi-
gators to a high enough resolution (1.3 AÊ ) that
experimental bias is minimal. When the amino
groups of residues 4 and 14 are replaced by an
oxygen, as in the AG sequences, the MEP is nega-
tive and hence selective for cation binding. No cat-
ions are observed at the A4-G5 base steps in
bdj008 probably because of the positive MEP con-
tributed by the ¯anking 50 A3. Note that had cation
binding been non-selective and had crystal-packing
forces been the primary determinant of cation
binding to bases, the binding sites in these isomor-
phous structures would have remained the same.
In addition, at the terminal two base-pairs, where
the sequence is conserved among CG, AG, and
CICa sequences, cation binding is the preserved.
The mode of binding differs between Mg2� and
Ca2�, but the locus of binding is constant.

Binding of divalent cations in the minor groove
is in¯uenced by both the local MEP and groove
width, both of which are sequence-dependent. In
the minor groove of CG, complex Mg2� 112 binds
base-pairs A4-C5/G16-T17 while the larger Ca2�

binds base-pairs A3-C5/G16-T18; this is also the
case in CICa. When residue 4/17 is changed to G/
C from A/T, additional cations are localized so
that both Mg2� and Ca2� bind base-pairs A3-C5/
G16-T18.

Major groove binding is strand-specific
(complexes 113 and 114)

Hydrated cations 111 and 112 within the minor
groove are centered in the groove, whose narrow-
ness precludes association with one backbone
chain or the other (Figure 1). In contrast, cations
113 and 114 in the broader major groove bind to
one side of that groove. Mg113 binds to adjacent
guanine bases G19 and G20, which Pullman &
Pullman (1981) characterize as the most electrosta-
tically favorable locus within the major groove.
Two distinct conformations for cation Mg113 are
observed in CGMg (differentiated in Figure 1 by
shades of green), versus one conformation in
bdj019. In AGMg, only one conformer of Mg113 is
found, but a nearby Mg116 has 40 % occupancy.
Two of the water molecules coordinated to Mg2�

in CGMg donate H-bonds to O6 and N7 atoms of
the 50 guanine, while a third donates an H-bond to
a nearby phosphate oxygen. By contrast, in AGMg
a water ligand accepts H-bonds from the amino
nitrogen atoms of C1 and C11.

Because Ca2� is both a softer cation and has a
less favorable free energy of hydration than Mg2�,
it prefers to bind directly GG base atoms. Adjacent
guanine bases G19 and G20 are locked together by
polar-covalent bonds from Ca2� to the N7 of G19
and the O6 of G20, as well as hydrogen bonds
between its water ligands, nearby phosphate oxy-
gen atoms, and the otherwise unused O6 of G19
and the N7 of G20. The attached cytosine bases, C1
and C2, are unliganded and free to propeller twist.
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An initial examination of the isomorphous struc-
ture CICa showed an apparent anomaly: a water
molecule, and not the hydrated calcium complex
Ca113, is present at the GG bases in the published
structure. However, visual inspection of the ®nal
Fo ÿ Fc map recalculated in our laboratory and
contoured at 1.5 s showed additional positive den-
sity at the presumed calcium position. Using the
criteria elaborated in the Materials and Methods,
this solvent peak, water residue 30, and arsenic
residue 11, were reassigned as calcium complexes
113, 114, and 111, respectively. Substitution of
three calcium complexes for three water molecules,
followed by re®nement, decreased the crystallo-
graphic R factor from 15.06 % to 11.25 %. Note that
the absence of sodium cacodylate (which contains
trace amounts of arsenic) in the crystallization buf-
fers of CGCa and AGCa supports the reassignment
of the arsenic residue as Ca111.

Like 113, complex 114 recognizes a single strand
within the major groove, binding to G16-T17 in
CGMg and A3-G4 in AGMg and AGCa. In all
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three cases, the cations' water ligands donate H-
bonds to atoms of both bases and to a nearby
phosphate group. In CGCa, Ca114 does not recog-
nize bases 16-17 at all, but instead interacts exclu-
sively with phosphate backbone atoms. This is also
true in CICa (note that guanine and inosine are
identical within the major groove). Although the
same backbone atoms are involved, interactions
occur via ionic bonds with Ca2� in CGCa, but
involve H-bonds with water ligands of Ca2� in
CICa. This difference further supports the non-
speci®c nature of cation-backbone binding. The
direct consequence of four ionic bonds between
neighboring helices in CGCa (at residues 6, 7, 16,
and 17) is that the central four base-pair region of
the minor groove is pulled open by as much as
2 AÊ . One could argue for a reversal of cause and
effect, claiming that these ionic interactions are
made possible only because of the wider minor
groove. But this is unlikely, since the groove is nar-



Figure 1 (legend shown on page 923)
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rower in CICa, where cations merely H-bond with
the DNA backbone. In addition, the introduction
of a single inosine has no effect on DNA structure
(Shatzky-Schwartz et al., 1997).

Minor groove binding involves cross-strand
interlocking of base steps (complexes 112
and 111)

Because the minor groove of B-DNA is much
narrower than its major groove, cation binding to
the minor groove usually involves interactions
between the cation's water ligands and cross-
strand base and O40 atoms of adjacent base-pairs.
A fully hydrated cation usually sits at the center of
the groove while each of its water ligands at maxi-
mum can donate two and accept one H-bond to
base and backbone atoms. In addition, the regular
octahedral geometry of magnesium gives an effec-
tive ion size of ca. 5.4 AÊ while the irregular geome-
try of calcium gives an effective ion size of ca. 5 to
7 AÊ . Hence, in CG, Ca112 sits between base-pairs 3



Figure 1. Stereograms of (a) CGMg, (b) CGCa, (c) AGMg and (d) AGCa. CG base-pairs are in red or magenta, and
AT base-pairs are in blue and cyan, with magenta and cyan denoting alternative conformations. N and O atoms of
each base-pair are yellow and pink, respectively. Ribbons of hydration along the minor groove ¯oor are depicted by
green lines connecting small green atoms. For clarity, hydrogen bonds between the water molecules of the ribbons
and DNA atoms are omitted. Base-pair C1 �G20 is at the top of each helix, and G10 �C11 is at the bottom. All cations
lying within hydrogen-bonding distance of the central helix are shown in green, with cyan and lime green denoting
alternative conformations. Cations 111 and 112 sit within the minor groove, 111 at the top of the helix and 112 ®ve
base-pairs down. Cations 113 and 114 occupy the major groove, 113 near the top and 114 to one side about halfway
down. Gently curved axes through the center of the helix are drawn with CURVES (Lavery & Sklenar, 1988). See
Figures 3 and 11 also.
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and 4 while the smaller Mg112 sits between base-
pairs 4 and 5 in a narrower region of the groove.
When the solution cation concentration is increased
®ve to ten times (as from CG and CI to AG),
additional conformations appear: one between
base-pairs 4 and 5 in AGCa and two between base-



Table 2. Crystallization, data collection and re®nement statistics of 0.99 AÊ structures

CGCa CGMg AGCa AGMg

A. Crystallization and data collection
Initial conc. of duplex DNA ( mM) 0.24 0.24 0.17 0.17
Initial conc. of divalent cation ( mM) 8.57 8.57 61.20 31.40
Initial conc. of streptonigrin ( mM) 0.11 0.11 0.00 0.28
Initial conc. of spermine-HCl ( mM) 0.24 0.00 0.00 0.00
Final conc. of MPD of reservoir (%) 45 45 30 30
No. of cations/DNA phosphate 2.0 2.0 20.0 10.5
Exposure time/image (sec) 30.0 30.0 60.0 60.0
Oscillation angle step(�) 2.0 2.0 2.0 2.5
Total oscillation angle(�) 192.0 180.0 170.0 190.0
No. of reflectionsa 75660(13619) 77354(13464) 62360(13423) 63745(13087)
Completeness, all data (%)b 97.5(94.9) 95.0(90.7) 95.5(91.5) 93.3(89.5)
I/sb 25.0(9.1) 21.6(7.4) 30.7(9.1) 32.8(6.9)
Rmerge, all data (%)b 4.4(10.4) 4.7(12.3) 3.2(9.0) 3.1(12.2)
Mosaicity(�) 0.64 0.90 0.45 0.55
Unit cell parameters, space group monoclinic C2
a(AÊ ) 31.85 32.00 31.75 32.24
b(AÊ ) 25.10 25.37 25.37 25.35
c(AÊ ) 34.14 33.63 34.09 34.19
b(�) 114.87 112.98 116.88 117.17
B. Structure refinement statistics
Rfactor, all data (%)b 11.83(12.90) 14.09(15.29) 12.14(13.90) 14.05(16.53)
Rfree, all data (%)b 14.05(19.66) 15.92(23.95) 14.77(16.29) 15.09(18.40)
Rms bond distance(AÊ )c 0.019(0.022) 0.033(0.018) 0.018(0.019) 0.018(0.018)
Rms bond angle (AÊ )c 2.91 AÊ (0.046) 2.98 AÊ (0.049) 2.73 AÊ (0.048) 3.61 AÊ (0.053)
Total no.of heavy atomsd 374(270.8) 327(272.8) 352(276.5) 343(271.4)
No. of solvent atomsd 109(68.8) 93(70.8) 126(74.5) 99(69.4)
No. of cation complexesd 4(2.3) 4(3.2) 4(3.0) 6(3.9)
No. of restraints 5407 3977 4814 5024
No. of parameters 3383 2945 3129 3052
Data/parameter 5.6 5.9 5.8 5.9
B-valuee

DNA residues 6.35(2.01) 9.09(2.88) 6.64(2.54) 8.55(3.42)
Solvent residues 12.45(6.12) 17.03(5.76) 11.93(5.29) 15.11(5.37)
All residues 8.14(4.62) 11.35(5.30) 8.53(4.53) 10.45(5.04)

Anisotropye

DNA residues 0.337(0.134) 0.441(0.141) 0.418(0.146) 0.409(0.124)
Solvent residues 0.306(0.171) 0.336(0.131) 0.373(0.141) 0.406(0.160)
All residues 0.328(0.146) 0.411(0.146) 0.402(0.145) 0.408(0.135)

a Total number collected and (number of unique re¯ections after processing).
b Values for all data and (data in last resolution shell, 1.016-0.985 AÊ ).
c Rms deviation from parameters of Parkinson et al. (1996), calculated in XPLOR. The corresponding deviations from shelxl (DFIX

for bond length and DANG for bond angles) are given in parentheses. Note that the unit for bond angle deviation in XPLOR is
degrees. XPLOR bond length deviations are larger for CGMg because bond length and bond angle restraints for base atoms were
not used in the last stages of shelxl re®nement in CGMg. The rms deviations for restrained atoms (shelxl values), however, are
comparable to those of the other three structures.

d Each atom record counts as one atom, so a disordered atom with two conformations is counted here as two atoms. The number
in parentheses is the total atom occupancy.

e Heavy atoms only. Value in parentheses is standard deviation.
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pairs 3 and 4 in AGMg. At the helix junctions,
where base sequence is conserved and the minor
groove width varies by no more than 1 AÊ between
structures, only one conformation is present
regardless of cation concentration: Mg111 sits
directly on the 2-fold axis in CGMg and AGMg,
while Ca111 sits ca. 1 AÊ off the 2-fold axis in
CGCa, AGCa and CICa.

Minor groove width variation cannot of itself
predict DNA bending

Figure 4 compares normal vector plots for the
Mg2� and Ca2� forms of sequences CG, AG and CI.
These can be regarded as maps of change of orien-
tation of vectors perpendicular to the base-pairs,
viewed down the helix axis. Figure 5 plots minor
and major groove widths as calculated by CURVES
(Lavery & Sklenar, 1988) and plotted with
SHELXDNA. Figure 6 compares helix-independent
roll, twist, propeller twist and tilt as calculated by
FREEHELIX (Dickerson, 1998; Dickerson & Chiu,
1997). The normal vector plots reveal a common
pattern of a smooth, planar bend across the junc-
tion between stacked helices, at base-pairs G9,
G10, C1 and C2. Another view of this strong inter-
helix bending is provided by the three successive
large positive roll angles (compression of the major
groove) along the sequence GGCC at left and right
of Figure 6(a). The compensating reverse bend at



Figure 2. Stereograms for CGMg (a) and CGCa (b) as in Figure 1, now with the addition of neighboring molecules
in thin line. Broken lines denote H-bonds or Van der Waals contacts. Prepared using Molscript/Raster3d/ImageMa-
gick. Crystal packing for AGMg and AGCa are similar and not shown.
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the center of the decamers is less regular, but is
embodied in an alternation of roll values at succes-
sive steps. As is always found, the contribution of
tilt to helix bending is negligible (Figure 6(d)). This
tendency for roll-bending at the sequence
TGGCCA was ®rst noted by Goodsell et al. (1993).
They observed it at the center of their CATGGC-
CATG helix and then observed that the bend was
universal across the inter-helix junctions in other
stacked-helix sequences of the general form:
CCAxxxxTGG. These junctions, consisting of the
last three base-pairs of one helix and the ®rst three
of the next, are compared in Figure 7, where the
bending at the innermost four of these six base-
pairs is obvious. As was mentioned earlier, this
bending occurs around cations 113 within the
major groove at the helix terminus.

The CIMg sequence is an anomaly compared to
the foregoing behavior. Its normal vector plot dis-
plays the ellipse that is the mark of smooth, con-
tinuous writhe, without bending excursions
(Figure 4). It also does not have the large roll
excursions, positive or negative, that are found in
the other decamers (Figure 6(a)). The reasons for
this anomalous behavor may lie in its unique crys-
tal packing. In constrast to the parallel side-by-side
packing of helix columns in the monoclinic C2 dec-
amers (Figure 2), columns of helices in the CIMg
decamer are packed at an acute angle relative to
one another. At bases 8-10, the major groove nests
against the phosphate backbone of a neighboring
helix. (See Figures 5 and 6 of Lipanov et al., 1993.)
As a consequence, the cation-induced bend
observed at bases 9-10 in the C2 decamers is com-
pletely obliterated. At the other end of the helix,
the absence of bending at bases 1 and 2, where
there is no groove-against-backbone packing, is
consistent with an absence of bound Mg2� at bases
19 and 20, although it also is possible that the
Mg2� was not observed because of the low resol-
ution of X-ray data.

Alternative backbone conformations and thermal
ellipsoids of individual atoms are shown in
Figure 7. (See also Figures 1 and 2 for alternative
conformations.) Most of the conformational hetero-
geneity in DNA resides in the sugar-phosphate
backbone. At the central two base-pairs, the back-
bone ¯exibility gives rise to large variations in
minor groove width but the orientation of base-
pairs remain constant. Similarly, large variations in
minor groove width occur at base-pairs 2-3 and 8-9
even though there is very little variation in roll and
twist angles. Lastly, a large variation in roll angle
(�8 �) between conformers at the central CG step
of CGCa cannot be attributed to the width of the
minor groove, which is nearly identical in the two
conformers. In this case, the backbone is trapped
by four ionic bonds between Ca114 and O1P and
O2P atoms of bases 6-7 and 16-17 of neighboring
helices. Hence, the inherent ¯exibility of the DNA
backbone makes the minor groove width an unreli-
able parameter for indicating DNA bending.



Figure 3 (legend shown on page 928)
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Figures 1(b) and 4-5 also indicate that the two con-
formations for bases 5 and 15 in CGCa correspond
to the most favored conformations in this
sequence. One conformation is observed in CGMg
and AG decamers, while the other is observed in
CIMg.

Minor groove width affects its
hydration property

A direct consequence of the backbone ¯exibility
is a dependence of minor groove hydration on its
width. A narrow minor groove gives rise to a
highly ordered spine of hydration which is two
layers deep (see Figure 2 of Chiu et al., 1999): a
water molecule in the ®rst layer sits between adja-
cent base-pairs and makes four H-bond inter-
actions, two to base atoms and two to water
molecules in the second layer. As the groove
narrows, a third hydration layer, with its water
molecules contacting O40 atoms of the groove
walls, is observed (Shui et al., 1998b; Tereshko et al.,
1999ab). Similarly, as the groove widens, as from
CGMg to CGCa, two well-ordered ribbons of
hydration which run side-by-side appear, with the



Figure 3 (legend shown on page 928)
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water molecules in the ®rst hydration layer sitting
directly atop each base atom (green ribbons in
Figure 1(a)-(b)). These spines are essentially contin-
ued by the bound cation complex 112 towards the
ends of the helix, where the wide groove is again
hydrated by two ribbons. Likewise, the narrow
minor groove of the central two base-pairs in
AGCa is occupied by one water molecule whereas
the wider groove at the same base-pairs in AGMg
has no bound water (Figure 1(c)-(d)).
The hydration patterns of these four structures,
as well as the structural information derived from
the conformational disorder and anisotropy of
backbone atoms (see previous section) provide a
simple model for the passive binding of bulky
hydrated divalent cations and site-speci®c drugs to
the minor groove of B-DNA: the narrow minor
groove can accommodate the binding of drugs
such as lexitropsins in monomeric form, but the
¯exible backbone atoms can easily swing open to



Figure 3. Schematic diagram of cation interactions to DNA base atoms. Only interactions to base atoms are shown.
The cations are shown as grey ellipses and each interaction is shown as a single thin line between the ellipse and
base. Only one half of the duplex, and two base-pairs from a symmetry-stacked duplex, are shown. Refer to
Figures 12 and Table 3 for speci®c interactions.
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accommodate their binding in side-by-side modes
as well (see Kopka et al., 1998, and references there-
in). In contrast, the binding of the much larger pro-
tein ``ligands,`` such as TATA-Binding-Protein, to
the minor groove is a non-passive process and
leads to the drastic local unwinding of DNA (see
Juo et al., 1996, and references therein).

Major groove binding bends DNA by base roll
compression towards the major groove

As Figures 6(a) and 8 demonstrate, the binding
of cations to the major groove at GG bases 9-10
and 190-200 across the helix junction arises from
three consecutive positive roll angles which com-
press the major groove and produce a smooth
planar curvature of the order of 10-15 AÊ for Mg2�

and �20 � for Ca2�. Curvature is greater for Ca2�

than for Mg2�, probably because of the geometry
of calcium binding to DNA base atoms: Ca2� locks
the GG bases by polar covalent bonds whereas
Mg2� interacts through its water ligands. The polar
covalent bonds induce a greater negative propeller
twisting of the terminal base-pairs (Figure 6(c)),
which aids in base stacking. This cation-induced
bend is neither an artifact of crystal packing
nor of the missing covalent linkage between
stacked helices, as it is also present in
CCAAGATTGG:Mg2� (bdj008), CCAAGCTTGG:
Ca2� (bdj052), and CATGGCCATG (bdj051;
Goodsell et al., 1993), all of which are non-isomor-
phous with the C2 decamers (Figure 8). Of the
groove cations, only Mg112 and Mg113 were
observed in bdj008, and Ca111 in bdj052. The other
cations at the conserved base-pairs are probably
missing because of the lower resolution and higher
data collection temperature.

Thermal stabilization of DNA structure by
bound divalent cations

Two statistics relevant to the discussion of cat-
ion-dependent stabilization of DNA structure are
B-value and anisotropy. B-value is a measure of
the displacement of an atom about its average pos-
ition due to thermal vibration and static disorder.
For reference, values of 100, 10 and 1 AÊ 2 corre-
spond to mean atomic displacements of 1.60, 0.36
and 0.11 AÊ , respectively. Anisotropy is de®ned as
ratio of the minimum and maximum eigenvalues
of the 3 � 3 matrix of ADPs. A value of 1 means
that an atom moves in all directions with equal
probability, and a value less than one means that
motion in one direction is favored over all others.
Table 4 gives the B-values and bond distances for
the Mg2� and Ca2� complexes. Note the uniformity
of B-value and bond length characteristic of well-
ordered bound cations.

Under the same crystalline environment, the
lower overall B-values of the Ca2� structures
indicate that Ca2� binding stabilizes DNA more
than does Mg2� binding (Figure 9): each DNA
atom of the Ca2� and Mg2� structures has a
mean displacement of 0.28 AÊ and 0.34 AÊ about



Figure 4. Normal vector plots for (a) CGMg, (b) CGCa, (c) AGMg, (d) AGCa, (e) CIMg and (f) CICa. Labeled
points mark the tips of unit vectors normal to the base-pairs, viewed down the helix axis. A linear sweep of points
across the plot indicates a bend in helix axis, and a circle or ellipse indicates writhe. For more details see Dickerson
& Chiu (1997) and Dickerson (1998).
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its equilibrium average, respectively. This stabil-
ization is local, with minimal motion around
base-pairs 2-3 and 8-9. Comparing the average
B-value of residue 2 between CGMg and CGCa,
for example, tells us that residue 2 of CGMg is
�20 % more disordered than that of CGCa. Simi-
larly, in CGMg residue 5 is �25 % more disor-
dered than residue 2.



Table 3. Sequence-speci®c cation-DNA interactions

CGMg
111 OW5-O2//C1 (2.68) OW5-O40//C2 (3.11) OW50-O2//C10 (2.68) OW50-O40//C20 (3.11)
112 OW1-O2//C5 (2.87) OW3-O2//T17 (2.47) OW3-O40//T18 (2.67) OW6-O40//G6 (2.65)
113a OW1-N7//G19 (2.80) OW2-O1P//C50 (2.96) OW5-O6//G19 (2.85)
113b OW5-N7//G19 (2.71) OW1-O2P//G190 (2.76)
114 OW2-N7//G16 (2.84) OW3-O4//T17 (2.61) OW4-O2P//T7b0 (2.79) OW4-O2P//T70 (2.87) OW5-O6//G16 (2.81)

OW6-O1P//T7b0 (3.14) OW6-O2P//T70 (3.06)
CGCa
111 OW1-O2P//G200 (2.97) OW2-O1P//C2b0 (2.87) OW2-O1P//G200 (2.91) OW3-O2//C10 (2.70) OW4-O30//C1b0 (2.99)

OW4-O40//C1b0 (3.01) OW6-O2//C1 (2.92) OW6-O40//C2 (2.70)
112 OW1-O40//T18 (2.87) OW2-N3//A4 (2.76) OW4-O2//T18 (2.77) OW4-O40//G19 (2.88) OW5-O2//C5b (3.06)

OW5-O40//C5 (2.82)
113 CA-N7//G19 (2.67) CA-O6//G20 (2.55) OW2-N7//G19 (3.15) OW2-O2P//G19 (2.87) OW3-N7//G20 (2.67)

OW4-O6//G19 (2.61) OW5-O6//G200 (2.93) OW5-O6//G20 (2.62)
114 CA-O1P//T17a0 (2.35) CA-O2P//G6b (2.31) OW3-N7//G6 (3.08)
AGMg
111 OW1-O2//C1 (2.69) OW1-O40//C2 (3.07) OW10-O2//C10 (2.69) OW10-O40//C20 (3.07)
112a OW6-O2//C5 (3.01) OW6-N2//G4 (3.15) OW1-O2//C17 (2.56) OW1-O40//T18 (2.82) OW3-N7//G16 (2.92)

OW3-O40//G6 (2.86)
112b OW1-N2//G4 (3.24)
112c OW3-N2//G4 (3.24) OW1-O2//T18 (2.99) OW1-O40//G19 (2.64)
113 OW5-N7//G19 (2.77) OW6-O1P//C50 (2.47) OW3-O6//G19 (2.75)
116 OW1-N7//G20 (2.72)
114 OW1-N7//A3 (2.78) OW1-O2P//A3b (3.11) OW1-O2P//A3 (2.55) OW2-O1P//T7b0 (2.53) OW3-N7//G4 (2.73)

OW4-O1P//T7b0 (3.06) OW4-O2P//T7c0 (3.12) OW4-O30//G6b0 (2.46) OW4-O2P//T7a0 (2.66) OW5-O6//G4 (2.65)
OW6-O1P//G60 (2.64)

115 OW5-O1P//G6 (2.62) OW5-O2P//A3a0 (2.75) OW5-O2P//A3b0 (2.85)
AGCa
111 OW5-O1P//C20 (2.86) OW6-O2//C10 (2.60) OW4-O30//C10 (2.91) OW2-O2//C1 (2.97) OW2-O40//C2 (2.68)

OW3-O2P//G100 (2.89)
112a OW1-O40//T18 (2.89) OW1-O2//C17 (3.00) OW6-N2//G4 (3.21) OW6-O2//C5 (2.78) OW4-O2//T18 (2.89)

OW4-O40//G19 (2.98) OW2-O2P//C2a0 (2.91)
112b OW1-O40//T18 (2.81) OW1-O2//C17 (2.64) OW4-N2//G16 (3.21) OW4-O40//G6 (2.77) OW6-O2//C5 (2.65)

OW7-N2//G4 (3.21)
113a CA-N7//G19 (2.71) CA-O6//G20 (2.64) OW5-N7//G19 (3.10) OW5-O2P//G19 (2.85) OW4-N7//G20 (2.77)

OW2-O6//G20 (2.61) OW2-N4//C1 (3.21) OW1-N4//C1 (3.26) OW1-O6//G19 (2.55)
113b OW3-N7//G20 (2.77) OW2-O2P//G19 (2.85) OW1-O1P//G40 (2.74)
113c OW1-O6//G20 (3.01) OW1-N7//G20 (2.52) OW4-O6//G19 (2.83) OW6-O1P//C50 (2.69)
114 OW2-O2P//A3 (2.67) OW3-N7//G4 (2.68) OW1-O6//G4 (2.77) OW2-O1P//G6b0 (2.56) OW2-O1P//G60 (2.95)

Roman, not bold, hydrogen bonds. Roman, bold face, polar-covalent bonds. Italic, bold face, ionic bonds. OW2-O6//G19 (2.61), Bond from water oxygen 2 to the O6 of base G19, bond length
2.61 AÊ . CA-N7//G19 (2.71), Bond directly from calcium atom to the N7 atom of base G19, bond length 2.71 AÊ . Values in parentheses are bond distances in AÊ . Only one asymmetric unit is tabu-
lated, corresponding to the top half of Figure 1. The bottom half is related by a 2-fold axis. Atoms in symmetrically related neighboring molecules are marked by a prime (0).



Figure 5. Groove widths as calculated by CURVES and plotted by SHELXDNA: (a) minor groove, (b) major
groove. Color codes are: black, CGMg; red, CGCa; blue, AGMg; green, AGCa; light blue, CICa; and grey, CIMg. Base
sequences are labeled along the x-axis from top to bottom in this same order. Broken lines denote alternative confor-
mations.
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Table 4. B-values and bond lengths in cation complexes

Ion Occu. Metal OW1 OW2 OW3 OW4 OW5 OW6 OW7 C1e C2e hB-valuei hRi
CGMg 15.18 2.08

111 1.00* 10.15 13.23 13.57 13.94 12.72
2.05 2.12 2.09 2.09

112 0.66 11.68 14.05 12.91 10.46 17.01 16.29 10.35 13.25
2.07 2.08 2.07 2.07 2.09 2.07 2.08

113a 0.61 11.24 18.42 13.44 14.57 11.63 8.35 16.57 13.46
2.08 2.07 2.06 2.07 2.13 2.09 2.08

113b 0.39 9.33 13.12 14.69 12.14 16.71 11.07 12.82 12.84
2.08 2.09 2.09 2.08 2.08 2.08 2.08

114 1.00 18.37 24.78 18.67 25.90 25.02 16.05 29.31 22.58
2.07 2.05 2.06 2.09 2.09 2.11 2.08

CGCa 7.33 2.43
111 0.50* 4.18 4.42 5.09 5.84 4.86e 6.76 4.72 5.08 4.72e 3.04e 4.87

2.46 2.50 2.42 2.44 2.37 2.39 2.42 2.43
112 0.64 8.98 8.49 9.81 13.66 7.88 11.90 11.23 10.74 10.34

2.46 2.41 2.41 2.38 2.39 2.39 2.50 2.42
113 0.62 4.81 7.36 7.19 6.01 5.63 6.59 4.46a 5.21b 5.91

2.41 2.44 2.47 2.38 2.38 2.61 2.55 2.46
114 0.50 7.72 8.42 9.33 8.13 10.13 6.23c 9.26d 8.46

2.39 2.38 2.42 2.45 2.35 2.31 2.38
AGMg 12.50 2.08

111 1.00* 6.77 10.04 9.46 9.66 8.98
2.13 2.09 2.06 2.09

112a 0.36 10.74 6.17 10.88 18.37 11.31 12.90 11.73
2.10 2.08 2.08 2.09 2.07 2.08

112b 0.37 15.53 12.91 13.63 11.65 17.17 16.71 14.60
2.07 2.09 2.10 2.09 2.06 2.08
2.09 2.09 2.07 2.10 2.07 2.08

113 0.76 10.39 9.96 14.09 8.23 12.91 12.34 14.03 11.71
2.08 2.09 2.08 2.09 2.11 2.08 2.09

114 1.00 16.99 14.11 16.90 16.54 16.91 21.85 21.20 17.78
2.08 2.06 2.09 2.06 2.08 2.08 2.08
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Figure 6 (legend opposite)
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Figure 7 shows the anomalous motion of each
atom in CGCa. The Figures for CGMg, AGMg,
and AGCa are similar and not shown. Note that
the most ¯exible part of the DNA structure, the
sugar-phosphate backbone, is the most anisotro-
pic and disordered as expected. Alternate confor-
mations are clearly observed for the sugar-
phosphate backbone, with the direction of the
thermal ellipsoids being perpendicular to the
helix axis, pointing in the direction of opening
and closing of the minor groove. This motion
leads to large variations in minor groove width



Figure 6. Helix parameters as calculated by FREEHELIX and plotted by SHELXDNA. (a) Roll, (b) twist, (c) propel-
ler and (d) tilt. Helices are identi®ed as in Figure 5.
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which do not necessarily imply DNA bending
(see previous section also). In contrast, atoms in
individual base-pairs have thermal ellipsoids that
are elongated in the base-pair plain, particularly
in the direction of the base-pair long-axis. Note
that this anisotropy is less in base-pairs closer to
the ends of the helix, because out-of-plane
motion becomes easier there.



Figure 7. Ortep stereo plots of CGCa, generated by Shelxtl version 5.1 as distributed by Bruker AXS. Views into
the minor groove at center. Note the anisotropy of backbone chains indicative of opening and closing the minor
groove, and in-plane anisotropy of individual base-pairs. Two alternative con®gurations are used in some regions of
backbone.
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Discussion

Correlation between crystallization and data
collection conditions, and number of
observed cations

An issue of importance when studying DNA
sequence-speci®c cation binding by X-ray crystallo-
graphy is the resolution and quality of the data set.
Does the absence of cation localization to a particu-
lar region in the crystal structure mean that it is
not bound there? Not necessarily. An examination
of a database of 28 cation-bound B-DNA structures
spanning ten different crystal packing environ-
ments and three data collection protocols (Table 1
and Figure 10) shows that there is a correlation
between experimental conditions and number of
observed cations. Speci®cally, increasing buffer cat-
ion concentration in the crystallizing medium
tends to force more localized cations in the crystal
(Figure 10(a)) and more cations are observed at
higher data resolution (Figure 10(b)). As mentioned
earlier, divalent cations are the glue that holds the
crystal lattice together. As the unit cell volume
decreases, other factors being equal, the mean
volume per atom or Matthews Number also
decreases, and the number of lattice interactions
rises. Consequently, the outer limit of resolution
falls (``increased resolution'') and the number of
observed cations per base-pair in the crystal struc-
ture rises as the Matthews Number falls (corre-
lation values � 0.59 and 0.74, respectively). Hence
the signi®cance, number, and location of cations
can be compared safely only between structures
having similar crystallizing conditions, data collec-
tion methods and resolution.

Sequence-specific binding by Mg2� and Ca2�

Despite the correlation between number of
observed cations and experimental conditions, the
current available structures listed in Table 1 and
plotted in Figure 10(c) show that cation binding to
DNA is sequence-speci®c: the correlation coef®-
cient for a linear ®t of the cryogenic structures is
0.93. Note in Figure 10(c) that nine of the 16 cryo-
genic structures are overlapped in the seven points.
This strong correlation between divalent cation
binding and base sequence as observed in the 28
structures further supports the sequence-speci®c
binding property observed in our four 0.99 AÊ

structures: as discussed in Results, changing the
base sequence of residue 4 directly leads to a
change in cation binding, particularly in the major
groove. The lower correlation coef®cient of 0.74 for
the ®t between backbone binding and percent GC
(Figure 10(d)) supports the non-speci®c nature of
cation binding to the phosphate backbone, as dis-
cussed in Results.

Under identical crystal packing environments,
and if the X-ray data are of suf®cient quality (high



Figure 8. Closeup views of the TGG//CCA steps across helix junctions of CGCa, CGMg, CIMg, bdj008 (CCAA-
GATTGG) and bdj052 (CCAAGCTTGG), compared with the internal steps TGGCCA of bdj051 (CATGGCCATG).
Labels are name, space group, cation, and angle in degrees between the second and ®fth base-pairs as drawn here.
Closeup views of AGCa, AGMg, and CICa are not shown but the bend angle between the second and ®fth base-
pairs are 19 �, 15 �, and 19 �, respectively. With the exception of CIMg, all structures shown or mentioned here have a
bound major groove cation at the GG steps. Taking into account the intrinsic bend angle in the cation-free CIMg
structure, the binding of magnesium and calcium to GG steps results in an increased bend of �10 � and �15 �
degrees, respectively. See text also.
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resolution, completeness, and I/s, and low Rmerge

and mosaicity) one might use the cation's occu-
pancy or its order of peak assignment, to rank
binding af®nity. For the four 0.99 AÊ structures
reported here, the minor groove binding af®nity
for Mg2� is G-G > A-G > A-C and for Ca2� is
G-G > A-T � A-C, with cations positioned in the
center of the groove. For the major groove, the
order for Mg2� is G-G > A-G � G-T and for Ca2� is
G-G > A-G, with cations bound to the bases listed
here.

No bending towards the minor groove?

The cation-induced bending discussed so far has
been towards the major groove. To investigate the
effect of cation binding within the minor groove,
we examined the 28 Mg2� and Ca2� complexes
listed in Table 1. Roll angles for 11 unique cases
are plotted in Figure 11, with the high-resolution
isomorphous C2 decamers on the left, and with
bdj060, VTCa, and the lower-resolution P212121

decamers on the right.
Consider ®rst the bending that occurs across the

TGG//CCA helix junction. As stated above for
CG, AG, and CICa decamers, binding of Mg2� and
Ca2� in the major and minor grooves at this junc-
tion results in a net bend of 15-20 � from the second
to ®fth base. This bend can be seen in the normal
vector plots of Figure 4, and its origin in roll angles
is visible in parts A1 through A4 of Figure 11.
Symbols along the bottom of each plot mark sites
of minor groove divalent cation binding. But note
that exactly the same roll bending across the helix



Figure 9. Plot of average B-value
per DNA residue, with CGMg in
thin continuous line, CGCa in thin
broken line, AGMg in thick con-
tinuous line, and AGCa in thick
broken line. Note that the average
B-values of the calcium structures
are lower than those of the mag-
nesium structures, indicating cal-
cium's greater stabilization of DNA
than magnesium.
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junction occurs in bdj008, although no minor
groove cation is present. One could argue that the
minor groove cation is present in bdj008, but is not
observed because of the lower data resolution.
However, this is unlikely to be the case, as the
same authors who failed to observe a magnesium
cation in bdj008 did in fact report Mg111 in bdj019
under similar experimental conditions (Table 1).
Hence, this suggests that the minor groove cation
Mg111 observed in CG, AG, and CICa decamers
probably is not the cause of bending.

A second example of the non-effect of minor
groove binding on DNA bending is the behavior of
roll angle at the A3-A4 step. In this case, the roll
angle remains strongly positive whether a minor
groove cation is observed (part A3 of Figure 11) or
not (A1 and A5). Very similar roll angles are
observed in AGMg and AGCa, but a direct com-
parison with CGMg, CGCa, and bdj008 is biased
both by the presence of a major groove cation at
the A3-G4 step and by the difference in base
sequence of residue 4.

A third example comes from comparison of the
A-G steps in AGMg and AGCa (minor groove cat-
ions, large positive roll) with bdj008 (cations pre-
sent, large negative roll). In all three cases a cation
is observed in the minor groove, but the additional
binding of a cation to the major groove in AGMg
and AGCa converts the strongly negative roll
angle (in bdj008) to positive. This strong reversal of
roll might not be caused by the difference in cation
binding, however, as the central two base-pairs in
bdj008 have a G:A mismatch (G5:A16 and
G15:A6).

The behavior of roll angles at the site of minor
groove binding by divalent cations in the lower-
resolution structures plotted on the right in
Figure 11 (�0 � or slightly positive, but never
strongly negative) is supportive of the idea that
divalent cation binding in the minor groove has no
effect on DNA bending. In all six instances, as dis-
cussed in Results, divalent cations in the minor
groove in general sit squarely at the center of the
groove and make cross-strand H-bonds with adja-
cent base and backbone atoms. In each P212121 dec-
amer (parts C1-C3 of Figure 11), only one minor
groove cation is observed. It sits between base-
pairs 4 and 5, with two of its water ligands each
donating one hydrogen bond to imino or carboxyl
atoms of residues 5 and 17 and one hydrogen
bond to O40 of residues 6 and 18. These inter-
actions in effect prevent bending towards the
minor groove. In bdj060 (part B of Figure 11),
minor groove binding has no effect on bending, as
the roll angles ¯uctuate around an average of 2 �.
Similarly, a minor groove Ca2� outside of the A-
tract causes no bending at all in bd0019 (part D of
Figure 1).

In summary, the mechanics of B-DNA, coupled
with the narrowness of the minor groove, allows
the minor groove to open and close to accommo-
date a divalent cation with little or no bending
towards the minor groove. But note that when the
mechanics of B-DNA is changed, as by perma-
nently attaching methyl groups to phosphate oxy-
gen atoms, then bending in the direction of the
minor groove becomes possible (Strauss-Soukup
et al., 1997). The rigidity of A-tracts and the
extreme narrowness of its minor groove (2-4 AÊ ),
however, makes it dif®cult for the large bulky
hydrated divalent cations (�5-7 AÊ ) to bind to its
minor groove. To our knowledge, such bulky cat-
ions have never been observed in the minor groove
of A-tract structures in naked B-DNA.

Major groove bending at GGCC sequences and
pyrimidine-purine steps outside A-tracts

The binding of divalent cations to the major
groove of GGCC provides a structural explanation
for many solution studies. The presence of signi®-
cant numbers of phased A-tracts within anoma-
lously migrating kinetoplast fragments at ®rst
suggested that the bending resided within A-tracts,



Figure 10. SHELXDNA correlation plots of helix variables: (a) cations per base-pair observed, versus cations per
phosphate in the original crystallizing buffer, (b) resolution versus cations per base-pair, (c) groove cations per base-
pair versus %GC for bases with unobstructed grooves, (d) backbone cations per phosphate, versus %GC as in (c). Cir-
cles, isomorphous monoclinic C2 decamers with one-half DNA duplex per asymmetric unit (®rst seven entries of
Table 1). Triangles, decamers in space group P212121. Squares, dodecamers CGCGAATTCGCG in space group
P212121. Diamonds, remaining structures. Filled symbols, data collection under cryogenic conditions (4100 K). Open
symbols, data collected at higher temperature.
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with bending in a direction that compressed the
minor groove. However, later experiments indi-
cated that cation-dependent bending in the direc-
tion of the major groove, with Ca2� > Mg2� > Zn2�,
resides within GGGCCC sequences instead
(Brukner et al., 1994). The same cation dependence



Figure 11 (legend opposite)
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was observed in gel migration patterns of HindIII
fragments (Li et al., 1998). Mg2�-induced bending
of another sort, by base-roll compression of the
major groove at fragile pyrimidine-purine steps,
has also been observed in 2.5-5 ns MDS of oligonu-
cleotides 25-30 bp long (Young & Beveridge, 1998;
Sprous et al., 1999). In these studies, A-tracts
remained relatively straight, and Mg2� were
observed to be ``localized, in a hydrated form, in
both grooves for periods exceeding 1 to 2 ns.''

Monovalent cations in higher order nucleic
acid structures

The relative unimportance of monovalent cations
compared to divalent cations on the structure of
duplex DNA does not imply that monovalent cat-
ions are unimportant in other nucleic acids sys-
tems. Conversely, the importance of monovalent
cations for the maintenance of these higher-ordered
systems cannot be used as evidence for equivalent
structural roles in duplex DNA. Nucleic acid struc-
tures beyond the double helix family (DNA triplex
and quadruplex, tRNA, and RNA ribozyme) are
structurally more complex molecules. Unlike the
case for duplex DNA, where tertiary structure
information determines where divalent cations
bind, it is predominantly the quaternary structure
requirement of these higher form molecules that
determines where and which cations are needed.
In quadruplexes, the close juxtaposition of eight
guanine O6 atoms require the coordination of
monovalent cations. The cation preference,
K� > Na� > Rb� > Cs� > Li�, is ®nely determined
by size considerations (their corresponding ionic
radii are 1.33, 0.95, 1.48, 1.69, and 0.6 AÊ ; Rose &
Hardin, 1994). Divalent cations are unfavorable for
quadruplex formation because the extra positive
charge would create destabilizing cation-cation
repulsion. The bi-loop quadruplex pATTCATTC
(Salisbury et al., 1997) and the AA-tetraloop of the
P4-P6 domain of Tetrahymena ribozyme (Cate et al.,
1996), provide further examples of the importance
of monovalent cations in these systems. In the lat-
ter case, both chemical and geometric factors are
involved in cation selection (Basu et al., 1998).

Conclusion

Monovalent and divalent cations are biologically
important in nucleic acid structures. For duplex
Figure 11. Roll angles and divalent cation loci for isomo
P212121 decamers (C1-C3), and VTCa (D). The DNA seque
within each isomorphous are in bold type. Mg2� are repre
Filled symbols represent atoms in single conformations, an
mations. Symbols along the top edge of each plot indicate m
minor groove binding. For the major groove, where binding
above the base sequence represent binding to that sequence,
to the other strand (not shown). Stacked helices are drawn a
all but VTCA (D), a decamer commences with the fourth bas
DNA, the relative lack of hydration of monovalent
cations makes their interactions to base atoms lar-
gely electrostatic and relatively non-speci®c.
Instead, they are ideal stabilization agents for high-
er-form nucleic acid structures, which usually have
many negatively charged atoms in close proximity
to one another. Divalent cations, on the other
hand, tend to be fully hydrated. As such, their
interactions to duplex DNA are more sequence-
speci®c, because their water ligands can both
donate and accept H-bonds to base atoms. They
are drawn electrostatically to both the major and
minor grooves of DNA, as well as to the sugar-
phosphate backbone. Once close to DNA,
sequence-speci®c interactions with base atoms
determine where they bind. In the minor groove,
divalent cations almost exclusively form cross-
strand H-bonds with base atoms of adjacent base-
pairs and with sugar O40 atoms of the opposing
groove walls. These interactions, coupled with the
narrowness of the minor groove, prevent bending
towards the minor groove. In the much wider
major groove, divalent cations tend to interact with
base atoms of adjacent atoms on the purine strand.
At GGCC/GGCC sequences, binding of mag-
nesium or calcium to the major groove GG resi-
dues, and to the minor groove at the GC step,
result in bending of the helix towards the major
groove. For the ®rst time, polar covalent bonds
between Ca2� and adjacent O6 and N7 atoms of
stacked Gs are observed. In addition to having
higher af®nity to DNA, Ca2� binding to DNA also
results in greater DNA bending and thermal stabil-
ization than Mg2�.

Materials and Methods

Oligonucleotide synthesis and purification

The DNA decamers were synthesized at the 10 mmole
scale on an Eppendorf ECOSYN D300 synthesizer. After
deprotection in concentrated NH4OH at 55 �C for 16
hours, they were dried and puri®ed on a DE52 column
with a 50-350 mM KCl gradient in 50 mM Tris (pH 7.5),
7 M urea. Peak fractions were pooled and loaded on a
small DE52 column. Tris, KCl, and urea were removed
by washing with 50 mM triethylamine bicarbonate
(TEAB) and the DNA eluted with a solution of 0.85 M
TEAB and 15 % (v/v) ethanol. TEAB and ethanol were
removed by repeated drying on a Rotovap and the DNA
lyophilized to dryness, resuspended in double distilled
water, and stored at ÿ80 �C until crystallization.
rphous C2 decamers (A1-A5), bdj060 (B), isomorphous
nce is given at the top of each plot. Bases which differ
sented by circles and Ca2� are represented by squares.
d opened symbols represent atoms in multiple confor-
ajor groove cation binding, and along the bottom edge,
can be to one side of the groove or the other, symbols
whereas symbols below the sequence represent binding

s though their repeating sequences were continuous. For
e as the sequence is drawn.
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Crystallization and data collection

Crystals were grown by sitting drop vapor diffusion
at 4 �C in nine-well plates. Crystals could be grown with
MgCl2, MgOAc, CaCl2, or CaOAc, and at various salt
concentrations. Salt concentrations were chosen to coun-
ter-balance the 36 DNA backbone phosphate oxygen
atoms. For consistency the crystals chosen for data col-
lection all have acetate as their counter-anion (Table 2A).
Survey precession photos showed these to be isomor-
phous with the previously published CCAACGTTGG
decamer (PriveÂ et al., 1991). Oscillation data up to 1.35 AÊ

(AGMg) were collected initially on a local rotating anode
X-ray source with a Rigaku Raxis-II image detector at
100 K. Data processing and structure solution were car-
ried out exactly as described previously (Chiu et al.,
1999). Atomic-resolution data sets were recollected at
NSLS beamline X8C on a Mar 30 cm detector (Table 2A).
All subsequent discussion pertains to these synchrotron
data sets.

Structure determination of atomic resolution
data sets

Each structure was solved using the previously deter-
mined lower-resolution structures, with all solvent atoms
removed, as the starting model. 5 % of the re¯ections in
each data set were randomly set aside for structure vali-
dation by the Free-R test. The ®rst seven cycles of re®ne-
ment were done in XPLOR. Subsequent re®nement
based on intensities, with the same re¯ections ¯agged
for the Free-R test as in XPLOR, were performed using
Shelxl (Sheldrick & Schneider, 1997). Discrete clusters of
excess density in Fo ÿ Fc maps contoured 3.5s next to a
DNA backbone fragment that has been modelled in one
conformation were treated as follows: the occupancy of
the major conformation was re®ned ®rst, then the second
or third conformations were assigned and re®ned based
on its Fo ÿ Fc map, and ®nally atoms of all confor-
mations were re®ned with individual ADPs. SIMU and
ISOR restraints were optimized using the Free-R. Hydro-
gen atoms with ideal geometry were modeled based on
the coordinates of heavy atoms they are attached to.
Re®nement statistics are given in Table 2B.

Identification of Mg2� and Ca2� complexes

Clusters of closely-spaced electron density peaks in
2Fo ÿ Fc and Fo ÿ Fc maps were assigned as hydrated
cation complexes only if they satisfy all three criteria: (1)
they have proper coordination geometry and uniform
bond length, (2) the Fo ÿ Fc difference maps before and
after peak assignment are not abnormal, and (3) the B-
values of the assigned atoms are uniformly equivalent.
When in doubt, a cluster was not assigned until the
model had improved enough to allow a more reliable
assessment of the three criteria.

A cluster of up to six peaks arranged in a regular octa-
hedral geometry ca. 2.1 AÊ around the central peak is the
hallmark signature of a Mg2� complex. A cluster of up
to six or seven peaks, arranged in an irregular geometry
ca. 2.45 AÊ around the central peak can either be a Na� or
Ca2� complex, respectively. At atomic resolution, the
ambiguity can be resolved by examining relative peak
heights of the central atom versus those of the surround-
ing atoms. Ca2�, with 18 electrons compared to the ten
of Na�, diffracts more strongly than Na�. Hence, in the
re®ned Fo ÿ Fc map a calcium complex that had been
tentatively assigned incorrectly as a Na� complex would
exhibit a positive overlapping of the central atom. Con-
versely, a Na� complex that had been assigned erro-
neously as a Ca2� complex would have a negative peak
overlapping the central atom in the re®ned Fo ÿ Fc map.

Water molecules in the coordinating sphere of Mg2�

were restrained to an octahedral geometry by imposing
bond length (DFIX 2.08 MG OW1 . . . MG OW6) and
bond angle (DANG 4.16 OW1 OW2 OW3 OW4 OW5
OW6, DANG 2.94 OW1 OW3 . . . OW4 OW6) restraints,
where water molecules OW1 and OW2, OW3 and OW4,
and OW5 and OW6 sit across each other. Because of the
irregular geometry around calcium, only bond length
restraints (DFIX 2.45 CA OW1 . . . CA OW7) were
imposed. If both bond lengths and B-values varied
widely upon re®nement, the assignment of an atom clus-
ter as a cation complex was deleted. In cases where an
Fo ÿ Fc map revealed multiple conformations for the cat-
ion, each conformation and its occupancy were re®ned
individually, and then the multiple conformations were
combined, with the sum of their occupancies restrained
to 1.00. In cases where the disordered cation was located
near a disordered DNA residue, its occupancy was
coupled to that of the disordered DNA component.

Using the above criteria, water residue 30 in bdj052
(Grzeskowiak et al., 1993), which sits in the center of a
planar quadrilateral arrangement of atoms consisting of
symmetry-related atoms 17 O2P and 72 OW, each 2.46 AÊ

away, has been re-assigned as a calcium atom.

Shelxdna

The program SHELXDNA was written to facilitate
re®nement and analysis of X-ray crystal structures by
Shelxl-97, to plot and analyze one or more CURVES and
FREEHELIX output ®les, and can be obtained by email
from thang@mbi.ucla.edu or at www.doe-mbi.ucla.edu/
people/thang/thang.html. When the program is run, it
presents a list of options to the user, from which the user
enters an integer, or a carriage return to exit. In general,
default values are accepted by entering carriage return.
The ®rst six options are to help with re®nement in
SHELXL-97. When going from an XPLOR or CNS re®ne-
ment to SHELXL-97, one has to carry over the Free-R
¯ags. SHELXPRO does this for structure amplitudes, but
not for structure intensities. Hence, SHELXPRO is ®rst
used to convert an XPLOR/CNS amplitude ®le, which
could have been modi®ed in CNS or CCP4, to SHELXL-
97 format; this carries over the Free-R ¯ags. SHELXPRO
is then used to convert the original unmodi®ed SCALE-
PACK intensity ®le to SHELXL-97 format, and option 1
of SHELXDNA takes these two ®les and replaces the
Free-R ¯ags in the intensity ®le with those from the
amplitude ®le.

The number of cycles needed to reach convergence
can be determined graphically by plotting the weighted
R2 versus cycle number. The standard output from
SHELXL-97 is ®rst redirected to a ®le and one or more
of these ®les are input into the second option of
SHELXDNA. When more then one ®le is entered, the
entire progress of re®nement over the course of model
building and re®nement can be plotted together. After
re®nement in SHELXL-97 has proceeded, SHELXPRO is
used to generate an instruction ®le for the next cycle.
Unfortunately, it does not generate dictionary par-
ameters for nucleic acids. These can be restored from a
previous instruction ®le by using a text editor, or by
using the third option of SHELXDNA. The B-values and
individual anisotropic displacement parameters (ADPs)
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can also be plotted by SHELXDNA. When B-values are
plotted, a .pdb ®le from any re®nement package is
required, and when ADPs are plotted, both .pdb and .lst
®les from SHELXL-97 are required. These two options
plot B-values or ADPs for each atom and each residue,
and also print them out along with average values per
atom-type and per molecule. The number of x and y
intervals, as well as the minimal and maximal values can
be speci®ed by the user or automatically determined by
the program. During model-building in ONO, if one
wants to write out a coordinate ®le from a symmetry
object, all information on each atom's occupancy, tem-
perature factor, and ADPs are lost. To restore these, the
original coordinate used to generate the symmetry
objects in ONO, and the coordinate generated by ONO,
are entered into SHELXDNA.

At any stage of the re®nement, the base-pair and base
step parameters can be calculated using either the pro-
gram FREEHELIX or CURVES. These parameters can be
conveniently plotted automatically by SHELXDNA. At
present, only parameters for duplex DNA can be plotted;
parameters for triplex or quadruplex are not handled.
When these plotting options are chosen, the user is ®rst
asked to enter an output ®le name and the ®lename
which contains the standard output from FREEHELIX or
CURVES. When more than one ®lename is given (in
accordance to the program's prompt), a whole database
of structures can be plotted simultaneously. When more
than one ®le is plotted, the x-axis of each DNA fragment
can be offset by an integral value relative to another.
Next, the user is asked to choose customized or default
axes limits. If the customized option is chosen, the user
is presented with a list of parameters to set the limits.
Next, the user is prompted for inputs which affect the
appearance of the plots. These includes options for set-
ting linewidth, linedash, symbol, and color, as well as
labelling and connecting of data points. The user can
either enter a value in response to each prompt, or enter
a carriage return to accept default values generated by
the program. Finally, the user is presented with a list of
FREEHELIX or CURVES parameters to plot. The user
can plot either one or more of the listed parameters, all
parameters, or one parameter versus another. Plotting all
parameters at once will give six plots per page whereas
plotting one parameter at a time will give one plot per
page. Figures 35 and 89 were plotted with SHELXDNA.
In Figure 10, correlation values and best-®t lines were
determined by Cricket Graph.

Data Base Accession Number

The crystal structures of the Mg2� and Ca2� salts
of CCAACGTTGG and CCAGCGCTGG have been
assigned PDB accession numbers 1en3, 1en1, 1en9 and
1ene, respectively or NDB accession numbers bd0033,
bd0034, bd0035 and bd0036.
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